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The goal of these experiments was to determine the steps in virus assembly that are defective at the nonpermissive
temperature in temperature-sensitive (ts) matrix (M) protein mutants of vesicular stomatitis virus. It has been proposed that
mutations in M protein either reduce the binding affinity for nucleocapsids or lead to aggregation, reducing the amount of
M protein available for virus assembly. Cytosolic or membrane-derived M proteins from wild-type VSV and two ts M protein
mutant viruses, tsM301 and tsO23, as well as a revertant of tsO23 virus, O23R1, were analyzed for binding to nucleocapsid–M
protein (NCM) complexes and for M protein aggregation. The experiments presented here showed that ts M proteins
synthesized at the nonpermissive temperature were capable of binding to nucleocapsids and that aggregation of ts M
proteins did not reduce the amount of soluble M protein below the amount required for assembly of the O23R1 virus. Instead,
the most pronounced defect in ts M proteins was in the ability of membrane-derived M proteins to be solubilized in the
presence of the detergent Triton X-100. It is proposed that this detergent-insoluble form of M protein interferes with a step
necessary to initiate assembly of NCM complexes. A similar detergent, Triton X-114, caused aggregation of membrane-
derived wild-type M protein, disproving an earlier proposal that membrane-derived M protein behaves like an integral
membrane protein in the presence of Triton X-114. Aggregation of wild-type M protein in the presence of Triton X-100 could
be induced by incubation at 37°C with a high-molecular-weight fraction isolated from uninfected cells by sucrose gradient
centrifugation. These results implicate host components in inducing M protein aggregation. © 2000 Academic PressINTRODUCTION
Matrix (M) proteins of enveloped viruses are multifunc-
tional proteins, with central roles in virus assembly. In the
case of vesicular stomatitis virus (VSV), the prototype
rhabdovirus, M protein has at least three functions in
virus assembly. First, M protein has been shown to bind
the nucleocapsid during virus budding from host plasma
membranes (McCreedy and Lyles, 1989; Odenwald et al.,
1986; Ohno and Ohtake, 1987). Binding of M protein to
nucleocapsids condenses the nucleocapsid into a tightly
coiled helical nucleocapsid–M protein (NCM) complex
with bulletlike morphology (Barge et al., 1993; Lyles and
McKenzie, 1998; Lyles et al., 1996b; Newcomb and
Brown, 1981; Thomas et al., 1985). Second, M protein has
a membrane-budding activity that is apparent, even in
the absence of other viral proteins (Justice et al., 1995; Li
et al., 1993; Lyles et al., 1996b). Third, M protein probably
plays a role in recruitment of the viral transmembrane
glycoprotein (G protein) into the envelope (Luan and
Glaser, 1994; Luan et al., 1995; Lyles et al., 1992; Reidler
et al., 1981).
The majority of intracellular M protein in VSV-infected1 To whom correspondence and reprint requests should be ad-
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520cells is present as a soluble molecule in the cytoplasm,
although 10–20% of M protein is bound to the plasma
membrane (Chong and Rose, 1993; Knipe et al., 1977b).
Cytosolic M protein is mostly monomeric (McCreedy et
al., 1990) and enters rapidly into virions from a soluble
pool (Knipe et al., 1977c). Curiously, the cytoplasm of
infected cells contains high concentrations of intracellu-
lar nucleocapsids and cytosolic M protein, yet they do
not colocalize with each other (Lyles et al., 1988; Ohno
and Ohtake, 1987; Ono et al., 1987). An attractive hypoth-
esis is that membrane-bound M protein serves as a
recognition site for binding intracellular nucleocapsids to
the plasma membrane to initiate assembly. This hypoth-
esis was disproved recently using an in vitro assay for
assembly of intracellular M proteins into NCM com-
plexes (Flood and Lyles, 1999). Both cytosolic and mem-
brane-derived M proteins were competent to assemble
into virion NCM complexes with an affinity similar to that
observed for virion M protein. Instead, our results dem-
onstrated that intracellular nucleocapsids were defective
in comparison to virion NCM complexes in their ability to
bind either cytosolic or membrane-derived M protein
(Flood and Lyles, 1999). These results led to a new model
for assembly of M protein with nucleocapsids, in which
intracellular nucleocapsids must undergo an initiating
event to bind M protein with high affinity. Following this
initiation step, M protein can be recruited into NCM
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521ASSEMBLY OF VSV ts M MUTANTScomplexes from either the membrane-bound or cytosolic
fractions. The nature of the initiation step has not yet
been defined, but it probably occurs at the plasma mem-
brane, since that is the only place in infected cells where
M protein and nucleocapsids are colocalized (McCreedy
and Lyles, 1989; Odenwald et al., 1986; Ohno and
htake, 1987).
The evidence that established M protein as a central
omponent of virus budding included studies of temper-
ture-sensitive (ts) M protein mutant viruses of VSV. The
s viruses that belong to complementation group III are
efective in M protein function. These viruses produce
NA and protein at levels equal to or greater than those
f wild-type virus (Clinton et al., 1978; Knipe et al., 1977a;
afay, 1974; Martinet et al., 1979) and yet produce ap-
roximately 1000-fold less virus than does wild-type
hen grown at the nonpermissive temperature (39°C)
Flamand, 1970). Understanding the nature of the defect
n ts M protein mutant viruses has revealed important
teps in the assembly pathway. Most of the available
ata are consistent with the idea that the membrane-
inding functions of ts M proteins are retained at the
onpermissive temperature, but the association of ts M
roteins with nucleocapsids is defective. For example, at
he nonpermissive temperature, the ts M protein mutant
iruses bud particles that contain G and M proteins but
ery little nucleocapsid (Schnitzer and Lodish, 1979).
urther analyses revealed that a subset of the budded
articles contains viral nucleocapsids; however, they are
ot condensed into the tightly coiled NCM complex
Lyles et al., 1996b). Complementation by wild-type M
rotein did not lead to an increase in particle budding
ut, instead, condensed the nucleocapsids into the
ightly coiled NCM complex observed in wild-type virions
Lyles et al., 1996b).
Two hypotheses have been proposed to explain the
ature of the assembly defect in ts M protein mutant
iruses: (1) mutations in M protein lead to aggregation or
apid turnover, both of which reduce the amount of M
rotein available for virus assembly (Knipe et al., 1977a;
ancarella and Lenard, 1981; Morita et al., 1987; Ono et
l., 1987; Wilson and Lenard, 1981) and (2) mutations in M
rotein reduce the binding affinity for nucleocapsids (Li
t al., 1989; Mancarella and Lenard, 1981; Wilson and
enard, 1981). These hypotheses are not mutually exclu-
ive. In the present study we used our in vitro assay for
assembly of intracellular M proteins into NCM com-
plexes to address the step in virus assembly which is
defective in cells infected with ts M protein mutant vi-
ruses. The results confirmed the propensity of ts M
proteins to aggregate at the nonpermissive temperature.
Nonetheless, the remaining soluble M protein was com-
petent to assemble into NCM complexes and was
present in infected cell cytosol and membranes at levels
that were sufficient for virus assembly. However, mem-
branes from cells infected with ts M protein mutants
t
Ocontained a form of M protein that could not be solubi-
lized with detergents. This association of M protein with
membranes in a detergent-insoluble form was the char-
acteristic of ts M proteins that was best correlated with
the inability to function in virus assembly.
RESULTS
Intracellular M proteins from two ts M protein mutant
viruses, tsM301 and tsO23, as well as a revertant of
tsO23 virus, O23R1, were analyzed for their ability to
aggregate and their ability to bind to NCM complexes.
These viruses were chosen because they represent sim-
ilar virus mutants of two different wild-type VSV strains.
The tsM301 virus is a reisolate of the tsG33 mutant
(Knipe et al., 1977a; S. Woolwine and D. Lyles, unpub-
lished results). The tsG33 M protein has three amino
acid substitutions (Morita et al., 1987) relative to the
wild-type strain from which it was derived (Glasgow
strain). The tsO23 M protein also has three amino acid
substitutions relative to its wild-type parent strain (Orsay
strain). In the case of O23R1 virus, reversion of only one
of the amino acids in M protein to wild-type, at position
111 (Phe 3 Leu), restored wild-type growth at the non-
permissive temperature (Morita et al., 1987).
Aggregation of tsM proteins
A leading hypothesis to explain the assembly defect in
ts M protein mutant viruses is that the ts M proteins
aggregate at the nonpermissive temperature. These ag-
gregates would effectively sequester M protein away
from the assembly pathway, resulting in an M protein
concentration too low to support efficient virus assembly.
This hypothesis is based on immunofluorescent labeling
of M protein in cells infected with two ts M protein
mutant viruses, which showed a punctate labeling pat-
tern suggestive of aggregates (Ono et al., 1987). To test
the hypothesis that aggregates of ts M protein form at
39°C, an in vitro assay was used to directly measure
aggregation of M protein (Fig. 1). BHK cells were infected
with tsM301, tsO23, and O23R1 viruses at the permissive
temperature of 31°C and were pulse-labeled with 35S-
ethionine at 4 h postinfection (hpi). Cells were lysed by
ounce homogenization and cytosolic fractions were
repared by high-speed centrifugation. Aliquots of the
ytosolic fractions were incubated at the nonpermissive
emperature of 39°C for 10 min, and then centrifuged to
ellet aggregates of M protein. The supernatant and
ellet fractions were analyzed by SDS–PAGE, a phospho-
escence image of which is shown in Fig. 1A. Prior to
ncubation at 39°C (Fig. 1A, 0 min), most of the M protein
as found in the supernatant. However, after a 10-min
ncubation at 39°C, much larger fractions of the tsM301
nd tsO23 M proteins were found in the pellet, indicatinghat they had formed aggregates. In contrast, most of the
23R1 M protein remained soluble at 39°C. The pellets
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522 FLOOD, MCKENZIE, AND LYLESalso contained other labeled proteins such as the VSV N
and L proteins, as well as some labeled host proteins.
Thus ts M proteins may form aggregates either by self-
association or by association with other proteins. Figure
1B shows the time course of formation of M protein
aggregates. The formation of aggregates by ts M pro-
teins was nearly complete by 30 min at 39°C, while there
was little aggregation of the O23R1 M protein even after
a 1-h incubation. These results are consistent with the
original observation by Ono et al. (1987), that a major
onsequence of the temperature-sensitive phenotype is
he propensity of the M proteins to aggregate at 39°C.
istribution of mutant M proteins between cytosol
nd membranes
Aggregation of ts M proteins would be expected to
FIG. 1. Aggregation of cytosolic M proteins of ts M protein mutants.
35S-labeled cytosolic fractions were isolated at 4 hpi from cells infected
t the permissive temperature of 31°C with tsM301, tsO23, or O23R1
iruses. (A) Aliquots of the cytosolic fractions were incubated at the
onpermissive temperature of 39°C for 0 or 10 min, and then centri-
uged. Supernatant (S) and pellet (P) fractions were analyzed by SDS–
AGE, a phosphorescence image of which is shown. (B) 35S-labeled
cytosolic fractions from cells infected with tsM301 (open squares),
tsO23 (open circles), or O23R1 (solid circles) viruses were incubated at
39°C for the indicated times, and then centrifuged. The amount of M
protein in each fraction was quantitated by phosphorescence imaging
of SDS–PAGE as in (A). The percentage of M protein in the pellet
resulting from aggregation at 39°C was calculated by subtracting the
percentage of M protein in the pellet at 0 min.educe the amount of M protein available for virus as-
embly at the nonpermissive temperature. This could be
O
areflected in the amount of M protein in either the soluble
or the membrane fraction of infected cells. To test this
hypothesis, subcellular fractions were isolated from in-
fected cells, and the amounts of soluble and membrane-
bound M protein were quantitated by immunoblotting.
BHK cells were infected with wild-type, tsM301, tsO23,
and O23R1 viruses and incubated at either 31 or 39°C. At
4.5 hpi the cells were lysed in hypotonic buffer and
separated into a soluble cytosolic fraction and a mem-
brane fraction. Serial dilutions of each fraction were
analyzed by immunoblotting in a dot-blot format using a
monoclonal M protein antibody and a chemiluminescent
detection method. The antibody used to detect M protein
recognizes the M proteins from the different virus strains
with equal affinity (McKenzie and Lyles, unpublished
data). Purified VSV served as a standard, which was
used to calculate the amounts of M protein in the sub-
cellular fractions following densitometry of the immuno-
blots. A representative immunoblot of subcellular frac-
tions isolated from cells infected at 39°C is shown in Fig.
2A, and a summary of the results of three separate
experiments at 31°C (dark bars) or 39°C (light bars) is
shown in Fig. 2B. The percentage of M protein that was
membrane-bound was calculated as the amount of M
protein in the membrane fraction divided by the sum of
that in the membrane and cytosolic fractions and is
shown in Fig. 2C. This calculation did not include the M
protein aggregates that were removed during isolation of
the subcellular fractions, since these aggregates were
difficult to quantitate.
The amount of M protein in the cytosol from cells
infected with tsM301 virus at 39°C was markedly re-
duced compared to the amount of cytosol from cells
infected with wild-type VSV (Fig. 2A), whereas there was
little, if any, difference between these two viruses in the
amounts of soluble M protein at 31°C (Fig. 2B). These
results are consistent with earlier data on this mutant
(Knipe et al., 1977b; Ono et al., 1987) and are consistent
ith the hypothesis that aggregation of ts M protein
educes the amount of soluble M protein. However, the
ost striking result is the low levels of M protein in the
ytosol from cells infected with tsO23 and O23R1 viruses
ompared to those of either wild-type VSV or tsM301
irus (Fig. 2A). This low level of cytosolic M protein was
haracteristic of both the ts mutant virus (tsO23) and its
evertant (O23R1), at both the permissive and nonpermis-
ive temperatures (Fig. 2B). At 39°C the amount of cyto-
olic M protein in cells infected with tsM301 virus was
pproximately 20% of that for wild-type VSV (calculated
rom the data in Fig. 2B), whereas the cytosolic M protein
n cells infected with tsO23 or O23R1 virus was only 5%
f that for wild-type VSV. These data indicate that much
ess cytosolic M protein is required to support virus
ssembly than is produced by wild-type VSV, since
23R1 virus replicates as well as wild-type VSV at 39°C
nd both tsO23 and O23R1 viruses replicate as well as
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523ASSEMBLY OF VSV ts M MUTANTSwild-type VSV at 31°C. These data also indicate that the
lower levels of cytosolic M protein at 39°C versus 31°C
cannot account for the defect in the tsM301 virus. It is
also likely that the low level of cytosolic M protein cannot
account for the defect in tsO23 virus, since it is not
markedly different from that of O23R1 virus.
FIG. 2. Levels of M protein in cytosolic and membrane fractions from
cells infected with ts M protein mutants. (A) Cytosolic and membrane
fractions were isolated at 4 hpi from approximately 1 3 107 BHK cells
infected with wild-type VSV (wt), tsM301 (M301), tsO23 (O23), or O23R1
viruses at 39°C, and were resuspended in a final volume of 200 ml. The
ndicated serial dilutions were blotted onto a nitrocellose membrane
nd the membrane was probed with antibody against M protein and a
hemiluminescent detection method. Purified virions (V) were used as
standard. (B) Blots similar to those in (A) were analyzed by densi-
ometry, and the concentration of M protein was calculated by com-
arison with the virion standard. Data shown are means 6 SD for three
separate experiments at 31°C (dark bars) or 39°C (light bars). (C) The
percentage of membrane-bound M protein was calculated from the
data in (B) by dividing the concentration in the membrane fraction from
the sum of the concentrations in the membrane and cytosolic fractions.The levels of membrane-bound M protein were ana-
lyzed by methods similar to those for cytosolic M protein.Membranes were isolated by flotation in a sucrose gra-
dient to separate membrane-bound M protein from non-
membrane-bound forms of M protein, such as M protein
aggregates. The amounts of membrane-bound M protein
produced by these four viruses at 39°C did not differ as
dramatically as the amounts of cytosolic M protein (Fig.
2A). The amount of membrane-bound M protein in cells
infected with wild-type VSV at 39°C was approximately
threefold higher than the amounts for the other three
viruses, which were quite similar to each other and were
similar to that for wild-type VSV at 31°C (Fig. 2B). These
data indicate that the defective assembly of tsM301 and
tsO23 viruses at 39°C is not the result of low levels of
membrane-bound M protein.
The amount of membrane-bound M protein was about
10–25% of the total M protein for wild-type and tsM301
viruses at 31°C (Fig. 2C), similar to previous results
(Chong and Rose, 1993; Knipe et al., 1977b,c). However,
at 39°C approximately half of the total M protein of these
two viruses was membrane-bound. The percentage of
membrane-bound M protein was even higher for tsO23
and O23R1 viruses, constituting approximately half of the
total at 31°C and 75% or more at 39°C. These data
indicate that the distribution of M protein between cy-
tosol and membranes normally observed for wild-type
VSV is not essential for virus assembly, since O23R1
virus assembles as well as does wild-type VSV.
Binding of mutant cytosolic M proteins to NCM
complexes
Although it is clear that the mutant M proteins aggre-
gate at 39°C, it is not clear whether the mutant M pro-
teins that remain soluble are competent to assemble into
NCM complexes. If mutant M proteins are folded into a
conformation at 39°C that prevents binding to nucleo-
capsids, then this would likely represent a primary defect
in virus assembly. An M protein-exchange assay was
used to determine whether the mutant M proteins of
tsO23 and M301 viruses that remain soluble are compe-
tent for assembly into NCM complexes. This assay is
based on earlier studies showing that, when virions are
treated with detergent at low ionic strength, M protein
remains bound to nucleocapsids, yielding tightly coiled
NCM complexes morphologically similar to those in na-
tive virions (Barge et al., 1993; Newcomb and Brown,
1981). Raising the ionic strength leads to dissociation of
M protein from nucleocapsids. At physiological ionic
strength (e.g., 120 mM NaCl), where M protein partially
dissociates from the NCM complex, dissociation of M
protein is reversible, as shown by sedimentation and
light-scattering analysis of reassembled NCM com-
plexes (Lyles and McKenzie, 1998). The extent of disso-
ciation depends on the concentration of M protein and
nucleocapsids, as well as on the ionic strength, and has
an apparent equilibrium constant of 0.5 mM at 120 mM
w
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524 FLOOD, MCKENZIE, AND LYLESNaCl. Since M protein binding is reversible, if exogenous
radiolabeled M protein is mixed with NCM complexes
derived from virions, the radiolabeled M protein will ex-
change with the endogenous M protein (Flood and Lyles,
1999; Lyles and McKenzie, 1998). The amount of radio-
labeled M protein bound to the nucleocapsid reflects its
binding affinity relative to that of the endogenous M
protein.
The exchange of cytosolic M protein into virion NCM
complexes was tested at physiological ionic strength
(120 mM NaCl) using protein concentrations (30–600
mg/ml of virion protein) that resulted in dissociation of
30–80% of endogenous M protein from the NCM com-
plexes. In these experiments the radiolabeled M protein
was added in trace amounts (;100-fold less cytosolic M
protein than the endogenous virion M protein in the NCM
complex), so that the distribution of endogenous M pro-
tein between bound and unbound states was not per-
turbed by the addition of exogenous M protein. Cells
were infected with wild-type, tsM301, tsO23, or O23R1
viruses at 31°C for 4 h and then pulse-labeled for 30 min
at either 31 or 39°C. The cells were immediately placed
on ice to minimize further changes in M protein and
fractionated into cytosolic and membrane fractions. Ra-
diolabeled cytosol was mixed with nonradiolabeled pu-
rified wild-type VSV as a source of NCM complexes in
buffer containing 120 mM NaCl. The detergent, Triton
X-100, was added to solubilize the virion envelope. The
mixture was incubated at room temperature for 5 min,
which allowed for complete equilibration of M protein in
VSV NCM complexes (Lyles and McKenzie, 1998), and
then was centrifuged to pellet the nucleocapsids and any
M protein associated with the nucleocapsid. The super-
natants and pellets were analyzed by SDS–PAGE and
phosphorescence imaging. As a control, the radiola-
beled cytosolic fraction was treated in the same manner
but without virions as a source of NCM complexes. This
measured the amount of M protein that was detected in
the pellet fraction for nonspecific reasons.
Binding of 35S-cytosolic M proteins synthesized at
39°C to increasing amounts of NCM complexes is
shown in Fig. 3A for wild-type and tsM301 viruses. Little,
if any, M protein was present in the pellet in the absence
of NCM complexes (Fig. 3A, lanes 0), while in the pres-
ence of NCM complexes, M proteins of both viruses
were distributed between the supernatant and pellet,
reflecting exchange of radiolabeled cytosolic M protein
with endogenous virion M protein. Progressively more M
protein of both viruses was bound to NCM complexes
(Fig. 3A, P lanes) as the concentrations of NCM com-
plexes were increased from 0.06 to 0.36 mg/ml, as ex-
pected. These data indicate that cytosolic M proteins of
both wild-type and tsM301 viruses synthesized at 39°C
were competent to assemble into NCM complexes.The relative affinities of cytosolic M proteins synthe-
sized at 31°C versus 39°C for binding NCM complexesFIG. 3. Binding of cytosolic M protein from temperature-sensitive
mutant viruses to NCM complexes. (A) Cells were infected with wild-
type VSV (wt) or tsM301 virus and incubated at 31°C. At 4 hpi, cells
were pulse-labeled with 35S-methionine at 39°C, and cytosolic fractions
ere prepared. The cytosolic fractions were mixed with the indicated
mounts (mg/ml) of purified VSV as a source of NCM complexes in
buffer containing 120 mM NaCl. Triton X-100 was added to solubilize
the virion envelopes. The mixtures were incubated at room temperature
for 5 min and then were centrifuged. Supernatant (S) and pellet (P)
fractions were analyzed by SDS–PAGE, a phosphorescence image of
which is shown. The percentage of M protein in the pellet was deter-
mined in experiments similar to (A) for tsM301 (B), tsO23 (C), and
O23R1 (D) viruses labeled at 31°C (squares) or 39°C (diamonds).
Binding of M protein from the three different mutant virus strains is
shown plotted against the concentration of free M protein-binding sites
present on the NCM complexes calculated from the concentrations of
virion N and M proteins. The dashed line plotted with each graph
represents the least squares fit of data for wild-type M protein radio-
labeled at 39°C, the data points for which were omitted for clarity. The
39°C binding data are the means (6 SD) from three independent
experiments performed in duplicate. The 31°C binding data are means
(6 SD) from a single experiment performed in duplicate.
e
T
p
M
q
t
t
t
b
w
(
d
t
v
b
p
b
a
v
d
l
s
a
T
t
a
c
t
B
N
t
a
L
w
p
t
t
p
f
M
V
525ASSEMBLY OF VSV ts M MUTANTSwere determined for wild-type, tsM301, tsO23, and
O23R1 viruses by plotting the percentage of bound M
protein as a function of the concentration of free M
protein-binding sites on the nucleocapsid (Figs. 3B–3D).
The apparent dissociation constants were determined by
nonlinear least squares fit of the data (Table 1). Binding
of wild-type M protein synthesized at 39°C is shown as
the dashed line in each graph, which represents the
nonlinear least squares fit of the binding data, although
the corresponding data points used to generate the
dashed line were omitted for clarity. The concentrations
of free M protein-binding sites were calculated from the
concentration of nucleocapsid protein, which was deter-
mined by quantitating the amount of N protein in each
preparation of purified VSV by SDS–PAGE and Coomas-
sie blue staining.
Our earlier study defining the equilibria and kinetics of
binding of M protein to NCM complexes established that
exchange of soluble M protein into NCM complexes
involves interaction with N protein rather than polymer-
ization with other M protein molecules (Lyles and Mc-
Kenzie, 1998). The N–M interaction differs considerably
from the M–M interaction, both in its salt dependence
and in its kinetics of dissociation. While the stoichiome-
try of the interaction with N protein has yet to be fully
established, each N protein appears to be able to bind
two molecules of M protein (Lyles et al., 1996a; Thomas
t al., 1985) (Lyles and McKenzie, unpublished data).
herefore, an N protein concentration of 3 mM corre-
sponded to 6 mM total M protein-binding sites. The
number of free M protein-binding sites was calculated by
subtracting the number of sites occupied by endogenous
virion M protein from the total number of sites on the
NCM complex at each protein concentration, using a
TABLE 1
Apparent Dissociation Constants for Binding of Cytosolic and
embrane-Derived M Protein from Temperature-Sensitive Mutant
iruses to NCM Complexes
Fraction M Protein
Kd 6 SD (mM)
31°C 39°C
Cytosol wild-type n.d.a 1.58 6 0.20
tsM301 2.21 6 0.45 2.03 6 0.25
tsO23 4.26 6 0.71 2.51 6 0.46
O23R1 1.98 6 0.29 1.94 6 0.36
Membrane wild-type 0.71 6 0.18 0.92 6 0.12
tsM301 3.16 6 0.86 1.42 6 0.69
tsO23 1.05 6 0.45 1.23 6 0.25
O23R1 1.08 6 0.05 1.33 6 0.24
Note. Dissociation constants were derived from the curves in Figs. 3
and 4 by nonlinear least squares analysis.
a n.d. 5 not determined.dissociation constant of 0.5 mM (120 mM NaCl) (Lyles
and McKenzie, 1998). For example, at the highest con-
w
ncentration of nucleocapsids in Fig. 3, the N protein con-
centration was 4 mM; therefore, the total concentration of
M protein-binding sites was 8 mM. However, 67% of
these sites were occupied by endogenous virion M pro-
tein, thus reducing the concentration of free M protein-
binding sites to 2.6 mM. If the stoichiometry of the M–N
interaction were a value other than 2, this would not
change the method of analysis or the conclusions drawn
from Fig. 3, but would change the absolute value of the
apparent dissociation constants.
Binding of cytosolic M protein from tsM301 virus, syn-
thesized at either 31 or 39°C, was similar to that of
wild-type M protein (Fig. 3B), corresponding to an appar-
ent affinity of 2 mM compared to 1.6 mM for wild-type M
rotein (Table 1). This indicates that the soluble cytosolic
protein of this mutant retained the conformation re-
uired for nucleocapsid binding at the nonpermissive
emperature, and binding to NCM complexes was not
emperature-sensitive. A similar result was obtained with
sO23 virus (Fig. 3C). Cytosolic M protein synthesized at
oth temperatures bound to NCM complexes, although
ith a slightly lower affinity compared to that of wild-type
2.5 mM at 39°C and 4.3 mM at 31°C). The apparent
ifference in the curves obtained at 31°C versus 39°C for
sO23 M protein is probably the result of experimental
ariation and fewer data points obtained at 31°C; weaker
inding at the permissive temperature is counter to the
redicted behavior of M protein. If the tsO23 M protein
inds its parental nucleocapsid with a slightly lower
ffinity than that of wild-type, this would indicate that
irus assembly can proceed unimpaired despite this
ecreased affinity, since tsO23 virus produces normal
evels of virus at 31°C. M protein from O23R1 virus
ynthesized at either temperature exhibited a binding
ffinity nearly identical to that of wild-type M protein.
hese results indicate that cytosolic M proteins of
sM301, O23R1, and tsO23, to a slightly reduced extent,
re as capable as wild-type M protein of binding to NCM
omplexes, even when synthesized at the nonpermissive
emperature.
inding of mutant membrane-derived M proteins to
CM complexes
We previously showed that membrane-derived M pro-
ein of wild-type VSV binds to NCM complexes with an
ffinity similar to that of cytosolic M protein (Flood and
yles, 1999). Membrane-derived M proteins of ts mutants
ere also tested to determine whether they were com-
etent to bind NCM complexes. Cells were infected with
sM301, tsO23, O23R1, and wild-type viruses at 31°C and
hen radiolabeled for 30 min at 39°C as described for the
reparation of mutant cytosolic M protein. Membrane
ractions were isolated by flotation in a sucrose gradient,
hich should separate them from M protein aggregates
ot bound to membranes. 35S-labeled membrane-derived
526 FLOOD, MCKENZIE, AND LYLESM proteins were incubated with NCM complexes derived
from nonradiolabeled wild-type VSV at 120 mM NaCl
after solubilization of the membranes and virion enve-
lopes with Triton X-100. M protein bound to NCM com-
plexes was separated from unbound M protein by cen-
trifugation, and the data were analyzed as the percent-
age of M protein in the pellet as a function of the
concentration of free M protein-binding sites on NCM
complexes (Fig. 4), as described above for cytosolic M
proteins.
The membrane-derived M proteins of tsM301 and
tsO23 viruses exhibit binding profiles different from
those of wild-type and O23R1 M proteins. The most
striking difference was that a significant portion of mu-
tant membrane-derived M protein existed in a detergent-
insoluble form in the absence of NCM complexes (y-
intercepts in Figs. 4B and 4C), while membrane-derived
M protein of wild-type or O23R1 virus was solubilized
under the conditions of the binding assay, which in-
cludes 0.5% Triton X-100 (y-intercepts in Figs. 4A and 4D).
Nevertheless, the M protein that remained soluble ap-
peared to bind NCM complexes, as shown by the in-
crease in the fraction of M protein in the pellet when
increasing amounts of NCM complexes were added.
Data in Fig. 4 were analyzed by nonlinear least
squares fit to two parameters: a y-intercept correspond-
ing to the fraction of M protein in the pellet in the
absence of NCM complexes (Fig. 5), and an apparent
dissociation constant for binding of the remaining solu-
ble M protein to NCM complexes (Table 1). A substantial
fraction of the membrane-derived M proteins of tsM301
and tsO23 viruses clearly exhibited an altered interaction
with the membrane, as shown by an increased amount of
Triton X-100-insoluble material (Fig. 5). This altered inter-
action with the membrane occurred at 31°C and to a
greater extent at 39°C. In contrast, the membrane-de-
rived M proteins of wild-type and O23R1 viruses were
soluble under the conditions of the binding assay. Thus,
the association of M protein with membranes in a deter-
gent-insoluble form was correlated with the inability of M
protein to function in virus assembly.
The membrane-derived M proteins of tsO23 and
tsM301 viruses that were soluble in the presence of
Triton X-100 bound to NCM complexes with apparent
affinities similar to those of wild-type or O23R1 viruses,
approximately 1.0 mM. This is similar to the affinities of
cytosolic M proteins (Table 1). This was true for M pro-
teins synthesized at both permissive and nonpermissive
temperatures. These results indicate that the mutant
membrane-derived M proteins that remain soluble in
detergent were competent to bind to NCM complexes.
These results also confirm and extend our earlier obser-
vation that there is little, if any, difference between cyto-
solic and membrane-derived M proteins in their ability to
assemble into NCM complexes (Flood and Lyles, 1999).Aggregation of membrane-derived wild-type M protein
in the presence of either Triton X-114 or Triton X-100
FIG. 4. Binding of membrane-derived M protein from temperature-
sensitive mutant viruses to NCM complexes. Cells were infected with
wild-type VSV (A), or tsM301 (B), tsO23 (C), or O23R1 (D) viruses and
incubated at 31°C. At 4 hpi, cells were pulse-labeled with 35S-methionine
at 31°C (circles) or 39°C (squares), and membrane fractions were pre-
pared. The membrane fractions were mixed with purified VSV as a source
of NCM complexes in buffer containing 120 mM NaCl. Triton X-100 was
added to solubilize the virion envelopes and cellular membranes. The
mixtures were incubated at room temperature for 5 min and then were
centrifuged. The percentage of M protein in the pellet was determined by
SDS–PAGE and phosphorescence imaging. Data are shown plotted
against the concentration of free M protein-binding sites present on the
NCM complexes calculated from the concentrations of virion N and M
proteins. The 39°C binding data are means (6 SD) from three independent
experiments performed in duplicate. The 31°C binding data are means (6
SD) from a single experiment performed in duplicate.It was previously reported that membrane-derived M
protein behaves like an integral membrane protein, while
a
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527ASSEMBLY OF VSV ts M MUTANTScytosolic M protein behaves like a soluble protein in
detergent partitioning experiments, presumably as a re-
sult of a difference in their conformations (Chong and
Rose, 1993). We considered the possibility that our in-
ability to detect a difference in binding affinity between
cytosolic and membrane-derived M proteins could result
from the lack of preservation of M protein conformation
in our membrane preparations. To determine whether
the M protein used in the experiments shown here ex-
hibited different properties from those shown previously
(Chong and Rose, 1993), M protein was analyzed by
detergent phase partitioning. Detergent phase partition-
ing separates molecules into either an aqueous phase or
a detergent phase, based on their interactions with the
detergent Triton X-114 (Bordier, 1981). Typically, integral
membrane proteins partition into the detergent phase,
whereas peripheral membrane proteins and soluble pro-
teins partition into the aqueous phase. However, we
found that membrane-derived M protein was not soluble
in the presence of Triton X-114. Instead, unlike Triton
X-100, the presence of Triton X-114 induced aggregation
of membrane-derived wild-type M protein.
A radiolabeled cytosolic or membrane fraction was
isolated from cells infected with wild-type VSV and mixed
with an equal volume of 2% Triton X-114 at 0°C; Triton
X-114 forms a single phase with the aqueous buffer at
this temperature. This solution was centrifuged at 14,000
g to remove any insoluble material from the analysis.
Removal of the insoluble material is a critical step that
does not appear to have been performed in previous
analyses of M protein in Triton X-114 (Chong and Rose,
1993). The pelleted material was recovered with 1% SDS.
The supernatant was layered over a 20% sucrose cush-
ion and warmed to 30°C for 3 min. At this temperature
Triton X-114 forms a separate phase, and the detergent
phase can be separated from the aqueous phase by
centrifugation. The aqueous, detergent, and insoluble
fractions were analyzed by SDS–PAGE, a phosphores-
FIG. 5. Solubility of membrane-derived M proteins of temperature-
sensitive mutants in the presence of Triton X-100. The fraction of
membrane-derived M proteins labeled at 31°C (dark bars) or 39°C
(light bars) that is detergent-insoluble is represented by the y-intercept
of the fitted curves in Fig. 4 for wild-type (wt), O23R1, tsO23, and tsM301
viruses.cence image of which is shown in Fig. 6. As expected of
proteins in a soluble cytosolic fraction, nearly all of the
(
ocytosolic M protein partitioned into the aqueous phase
(Fig. 6, lane 1), as did the viral N, P, and L proteins, as
well as the majority of the host proteins present in this
fraction. Small amounts of M, N, P, and L proteins were
also detected in the insoluble fraction (Fig. 6, lane 3),
which was likely the result of contamination of this frac-
tion with the aqueous material. In contrast to the cyto-
solic M protein, most of the M protein associated with
the membranes was detected as a Triton X-114-insoluble
form (Fig. 6, lane 6). The viral G protein served as an
internal control, since it partitioned into the detergent
phase (Fig. 6, lane 5), as expected for an integral mem-
brane protein. Small quantities of M, N, P, and L proteins
were also detected in the aqueous phase and the insol-
uble fraction (Fig. 6, lanes 4 and 6). These probably
represent nucleocapsids associated with the plasma
membrane in the process of virus assembly that were
released by the addition of detergent. Membrane-derived
M protein was also found in the insoluble fraction when
expressed from plasmid DNA in the absence of other
viral components, as described by Chong and Rose
(1993) (data not shown).
These results indicate that, although membrane-de-
rived M protein is tightly associated with the plasma
membrane, it does not behave as a classical integral
membrane protein in the presence of Triton X-114.
Rather, the majority of membrane-derived M protein ex-
ists in a Triton X-114-insoluble form. Importantly, if this
insoluble material is not removed prior to phase sepa-
ration, it will cosediment with the detergent phase, lead-
ing to the erroneous conclusion that the membrane-
derived M protein partitions into the detergent phase and
behaves like an integral membrane protein.
The insolubility of membrane-derived wild-type M pro-
tein in the presence of Triton X-114 (Fig. 6) contrasts with
its solubility in the presence of the similar detergent
Triton X-100 (Fig. 5), and more closely resembles the
insolubility of ts M proteins in the presence of Triton
X-100. We suspected that the two detergents differed in
FIG. 6. Detergent phase partitioning of cytosolic and membrane
fractions from VSV-infected cells. 35S-labeled cytosolic (lanes 1, 2, 3)
nd membrane (lanes 4, 5, 6) fractions were isolated from VSV-infected
ells and analyzed by detergent phase partitioning in the presence of
riton X-114. The resulting aqueous (Aq), detergent (Dt), and insolubleIn) fractions were analyzed by SDS–PAGE, a phosphorescence image
f which is shown.
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528 FLOOD, MCKENZIE, AND LYLESthe temperature dependence of M protein aggregation,
such that wild-type M protein was aggregated at low
temperature in the presence of Triton X-114, but that only
ts M protein, and not wild-type, was in an aggregated
form at low temperature in the presence of Triton X-100.
This suggests that elevation of the temperature should
lead to aggregation of wild-type M protein in the pres-
ence of Triton X-100. This was shown by the data in Fig.
7A. A radiolabeled cytosolic fraction devoid of mem-
branes or a postnuclear supernatant fraction, containing
both cytosol and membranes, was prepared from cells
infected with wild-type VSV. Triton X-100 was added (0.5%
final concentration) to solubilize membranes, and the
samples were incubated for either 5 or 60 min at room
temperature or for 60 min at 37°C. M protein aggregates
were separated from soluble M protein by centrifugation,
FIG. 7. Aggregation of wild-type M protein at 37°C. (A) 35S-labeled
cytosolic fraction (dark bars) or a postnuclear supernatant fraction (light
bars) was prepared from cells infected with wild-type VSV. Triton X-100
was added (0.5% final concentration) to solubilize membranes, and the
samples were incubated for either 5 or 60 min at room temperature or
for 60 min at 37°C. M protein aggregates were separated from soluble
M protein by centrifugation, and the percentage of M protein in the
pellet was determined as in Fig. 1. Data shown are from a represen-
tative of two separate experiments. (B) 35S-labeled cytosolic fraction
repared from cells infected with wild-type VSV was incubated in the
bsence (Control) or presence (Host fraction) of a high-molecular-
eight fraction derived from mock-infected cells by sucrose gradient
entrifugation. Samples were incubated for 60 min at room temperature
dark bars) or at 37°C (light bars). M protein aggregates were sepa-
ated from soluble M protein by centrifugation, and the percentage of M
rotein in the pellet was determined as in Fig. 1. Data shown are
eans 6 SD for three separate experiments.and the percentage of M protein in the pellet was deter-
mined (Fig. 7A). Nearly half of the M protein in thepostnuclear supernatant (Fig. 7A, light bars) was in an
aggregated form after 60 min at 37°C, while little, if any,
aggregation occurred at room temperature. As expected,
M protein in the cytosol (Fig. 7A, dark bars) remained
soluble at both temperatures.
Aggregation of wild-type M protein in the presence of
Triton X-100 at 37°C was induced by high-molecular-
weight host components that are normally removed by
centrifugation in preparing the cytosolic fraction, as
shown in Fig. 7B. A cytoplasmic extract was prepared
from mock-infected cells in which membranes were sol-
ubilized by addition of Triton X-100. The extract was
fractionated through a 10–60% sucrose gradient also
containing Triton X-100. Fractions containing high-molec-
ular-weight host components corresponding to approxi-
mately 40–45% sucrose were found to induce M protein
aggregation at 37°C (Fig. 7B). Radiolabeled cytosol from
cells infected with wild-type VSV was mixed with the
high-molecular-weight fraction from mock-infected cells
in the presence of Triton X-100 and incubated for 60 min,
either at room temperature or at 37°C. M protein aggre-
gates were separated from soluble M protein by centrif-
ugation, and the percentage of M protein in the pellet
was determined. Approximately 30% of cytosolic M pro-
tein was present in an insoluble form after incubation
with host components at 37°C (Fig. 7B, light bars), while
there was little, if any, aggregation either at room tem-
perature (Fig. 7B, dark bars) or in the absence of the
high-molecular-weight host components (control). These
data indicate that aggregation of wild-type M protein at
37°C in the presence of Triton X-100 is mediated by
high-molecular-weight host components. Such host
components might play a similar role in the insolubility of
membrane-derived ts M proteins at lower temperatures.
The high-molecular-weight fraction used in Fig. 7B con-
tained many different host proteins as determined by
SDS–PAGE and Coomassie blue staining (not shown).
The identity of the components responsible for inducing
M protein aggregation is the subject of future experi-
ments.
DISCUSSION
The most striking difference between mutant and wild-
type M proteins was that a significant portion of mutant
membrane-derived M protein existed in a detergent-
insoluble form (Fig. 5). In the case of wild-type or O23R1
virus, membrane-derived M protein was solubilized in
the presence of Triton X-100. However, a substantial
fraction of the membrane-derived M proteins of tsM301
and tsO23 viruses clearly exhibits an altered interaction
with the membrane, as shown by its insolubility in the
presence of Triton X-100. This altered interaction with the
membrane occurred at 31°C and to a greater extent at
39°C. Thus the association of M protein with membranes
in a detergent-insoluble form was the characteristic of ts
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529ASSEMBLY OF VSV ts M MUTANTSM proteins that was best correlated with the inability to
function in virus assembly, in that it distinguished M
proteins of tsM301 and tsO23 viruses from those of
wild-type and O23R1 viruses, and it was more pro-
nounced at 39°C than at 31°C. Thus the data presented
here not only confirmed the propensity of ts M proteins of
VSV to form aggregates, as previously suggested (Ono et
al., 1987) but also extended these observations to in-
clude conditions leading to aggregation of wild-type M
protein, including incubation of membrane-derived M
protein at low temperature in the presence of Triton
X-114 (Fig. 6) or at 37°C in the presence of Triton X-100
(Fig. 7). Wild-type M protein purified from virions was
previously reported to self-associate into aggregates at
low-salt concentrations and high M protein concentra-
tions (Gaudin et al., 1995; McCreedy et al., 1990). How-
ver, the aggregation of intracellular M protein described
ere (Figs. 1, 5, 6, and 7) differs in many important
espects from the low-salt-dependent aggregation de-
cribed previously. In particular, the low M protein con-
entrations, the physiological salt concentrations ($100
M NaCl), and the presence of the detergent Triton
-100 used here are sufficient to fully solubilize aggre-
ates of wild-type M protein formed at low-salt concen-
rations. Also, the low-salt-dependent aggregation does
ot appear to involve other components besides M pro-
ein (Gaudin et al., 1995; McCreedy et al., 1990), while the
ggregation described here is promoted by interaction of
protein with high-molecular-weight components asso-
iated with host membranes.
The insolubility of membrane-derived ts or wild-type M
roteins in the presence of Triton-type detergents is
eminiscent of the behavior of sphingolipid- and choles-
erol-rich membrane microdomains or “rafts.” These mi-
rodomains are formed in Golgi and plasma membranes
y lipids that resist solubilization with Triton-type deter-
ents. They are important sites for assembly of influenza
irus hemagglutinin and neuraminidase glycoproteins
nto virus envelopes (reviewed by Zhang et al., 2000) and
or sorting of glycosylphosphatidylinositol-linked pro-
eins and other membrane proteins to the apical surface
f polarized epithelial cells (reviewed by Brown and
ondon, 2000). However, the Triton-insolubility of M pro-
ein differs in many respects from the insolubility of
embrane rafts. First, VSV envelope assembly occurs on
he basolateral (nonraft) surface of polarized cells, and
he VSV envelope lipids do not have the property of
riton-insolubility (Scheiffele et al., 1999). Second, mem-
rane rafts are insoluble in the presence of Triton X-100
t low temperatures, but are soluble at 37°C (Brown and
ose, 1992), whereas the temperature dependence of
he insolubility of ts or wild-type M protein was the
everse, i.e., aggregation was promoted at higher tem-
eratures. Finally, Triton-insoluble membrane rafts areound in the low-density fractions of sucrose gradients
see, e.g., Zhang et al., 2000), while the cellular compo-
f
aents that promote aggregation of M protein were found
n the high-density fractions of sucrose gradients after
olubilization of membranes with detergent (Fig. 7B).
Our recent study of in vitro assembly of intracellular M
rotein and nucleocapsids (Flood and Lyles, 1999) pro-
ides a new framework for understanding the nature of
he defect in ts M protein mutant viruses. Those experi-
ents showed that both cytosolic and membrane-de-
ived M protein were competent to assemble into NCM
omplexes derived from virions. The unexpected result
as that intracellular nucleocapsids were not able to
ind M protein with the high affinity observed for virion
CM complexes. These results led to a new model for
ssembly of M protein with nucleocapsids, in which
ntracellular nucleocapsids must undergo an initiating
vent to bind M protein with high affinity. Following this
nitiation step, M protein can be recruited into NCM
omplexes from either the membrane-bound or the cy-
osolic fraction. The results of the present study are
onsistent with this model and indicate that ts M protein
utants are not defective in the recruitment of cytosolic
r membrane-derived M protein into NCM complexes.
his suggests that the block in assembly of ts M protein
utants is in the step that initiates assembly of NCM
omplexes.
A block in the assembly of ts M proteins into NCM
omplexes at the recruitment step could have arisen
rom two different causes. One possibility was that ag-
regation of M protein could reduce the level of soluble
protein below the level required for recruitment into
CM complexes. Indeed, the amount of soluble tsM301
protein was reduced at the nonpermissive tempera-
ure compared to that of either wild-type M protein or
sM301 M protein at the permissive temperature (Fig. 2).
owever, there was little, if any, difference in the levels of
oluble or membrane-derived M proteins between tsO23
irus and its revertant O23R1 (Fig. 2), yet tsO23 virus is
efective at 39°C and O23R1 virus assembles as effi-
iently as does wild-type VSV. Thus the defect in the ts M
rotein mutants could not be explained by reduction in
he level of soluble M protein below the level required for
ecruitment into NCM complexes. A second possibility
as that mutant M proteins are folded into a conforma-
ion at 39°C that prevents binding to nucleocapsids. This
as addressed using our M protein exchange assay
Flood and Lyles, 1999; Lyles and McKenzie, 1998), to
etermine the affinity of soluble ts M proteins for NCM
omplexes derived from wild-type VSV. There was little, if
ny, difference in the affinity of ts M proteins for assem-
ly into NCM complexes, regardless of whether they
ere synthesized at the permissive or the nonpermissive
emperature (Fig. 3). There is a possibility that the solu-
le ts M proteins are inactive at 39°C but quickly regain
ctivity under the conditions of isolation of the solubleraction, which must be performed at low temperature to
void M protein aggregation. However, the defect in
530 FLOOD, MCKENZIE, AND LYLESmost ts M protein mutants is not readily reversed upon
lowering the temperature, and even in those mutants that
are reversibly inactivated, the reversal occurs slowly
(Ono et al., 1987). Thus we consider this possibility to be
unlikely.
The most likely explanation for defective assembly of
ts M protein mutants is that their nucleocapsids fail to
undergo the proposed initiation step in assembly of NCM
complexes. This would be consistent with earlier data,
indicating that the defect in ts M protein mutant viruses
was in the interaction of M protein with nucleocapsids,
and also with the present results, indicating that the
recruitment step is not defective (Figs. 3 and 4). This
would also be consistent with the results of complemen-
tation of ts M protein mutants with plasmid-derived wild-
type M protein (Lyles et al., 1996b). Complementation
with wild-type M protein does not lead to production of
more viruslike particles containing nucleocapsids, but
instead the particles produced contain the same amount
of nucleocapsids, although they contain more M protein
and have the bulletlike shape that results from formation
of wild-type NCM complexes. Also, the virions produced
as a result of complementation contain both wild-type
and ts M protein (Lyles et al., 1996b), supporting the idea
that the ts M protein is competent to be recruited into
NCM complexes, once their assembly has been initiated.
The nature of this initiation step has not yet been de-
fined, but it probably occurs at the plasma membrane,
since that is the only place in infected cells where M
protein and nucleocapsids are colocalized (McCreedy
and Lyles, 1989; Odenwald et al., 1986; Ohno and
Ohtake, 1987).
A possible reason for the lack of assembly of NCM
complexes in cells infected with ts M protein mutants is
that the aggregated form of M protein present in their
membranes interferes with the initiation step. If this al-
tered form of M protein interferes with the initiation of
assembly of NCM complexes, this would account for the
available data on defectiveness of ts M protein mutants.
Such interference could also account for the dominant
negative effect of ts M proteins on the activity of wild-
type M protein. For example, complementation of ts M
protein mutants with plasmid-derived M protein results
in production of far fewer virions than are produced by
wild-type VSV, despite expression of comparable
amounts of wild-type M protein (Lyles et al., 1996b). Also,
ts M protein mutants exhibit a dominant negative effect
on replication of wild-type VSV in coinfected cells at the
nonpermissive temperature (Whitaker-Dowling and
Youngner, 1987; Youngner et al., 1986). Thus the in-
creased levels of membrane-bound M protein that can-
not be solubilized with Triton X-100 may interfere with
wild-type M protein and inhibit the incorporation of nu-
cleocapsids into budding particles. An alternative possi-
bility is that the aggregated forms of ts M protein are
actually arrested intermediates in the virus assemblyprocess that have accumulated because of the inability
of the mutant M protein to undergo the next step. The
failure to observe this intermediate with wild-type M
protein would be because of the rapidity of this reaction.
While we consider this hypothesis less likely, the data
certainly do not rule it out.
It was previously proposed that membrane-bound M
protein serves as a recognition site for binding intracel-
lular nucleocapsids to the plasma membrane to initiate
assembly (Chong and Rose, 1993; McCreedy and Lyles,
1989). However, our previous experiments showed that
there was little, if any, difference between cytosolic and
membrane-derived M protein in their ability to interact
with nucleocapsids (Flood and Lyles, 1999). Similarly in
the present studies, the cytosolic and membrane-derived
ts M proteins that remained soluble were able to assem-
ble into NCM complexes with comparable affinities.
However, there were striking differences among the vi-
ruses studied here in the distribution of M protein be-
tween membrane and cytosolic fractions, although these
differences were not correlated with temperature sensi-
tivity. In most experiments that were reported, the
amount of membrane-bound M protein is about 10–20%
of the total M protein for wild-type VSV (Chong and Rose,
1993; Knipe et al., 1977b,c). This was also the case for the
experiments performed here with both wild-type and
tsM301 viruses at 31°C (Fig. 2). However, the percentage
of membrane-bound M protein was much higher for
tsO23 and O23R1 viruses, constituting approximately
half of the total at 31°C and 75% or more at 39°C. These
data indicate that the ratio of M protein in cytosol versus
membranes normally observed for wild-type VSV is not
critical for virus assembly. The extreme case is repre-
sented by O23R1 virus at 39°C, in which the usual ratio
is effectively reversed, yet virus assembly proceeds at
levels similar to those of wild-type virus. These results
reinforce the notion that cytosolic and membrane-de-
rived M proteins are functionally equivalent in their ability
to be incorporated into NCM complexes.
The basis for the membrane association of M protein
has yet to be fully resolved. Chong and Rose (1993)
proposed that M protein associates with membranes as
a result of an alternate conformation in which mem-
brane-derived M protein behaves like an integral mem-
brane protein in detergent partitioning experiments.
However, the results presented here (Fig. 6) disagree
with that conclusion. There may be a conformational
difference between cytosolic and membrane-derived M
protein, since Triton X-114 induced aggregation more
readily with membrane-derived M protein than with cy-
tosolic M protein. The association of M protein with
membranes may result from the ability of M protein to
bind to cellular membrane components, which could
facilitate the formation of M protein aggregates in the
presence of Triton X-114. For example, M protein binds to
negatively charged phospholipids in liposome mem-
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531ASSEMBLY OF VSV ts M MUTANTSbranes (Luan and Glaser, 1994; Luan et al., 1995; Ogden
et al., 1986). M protein has also been shown to interact
with host proteins containing WW-domains, which bind
to the M protein amino acid sequence PPPY at positions
24–27 (Craven et al., 1999; Harty et al., 1999). It has been
roposed that host membrane proteins containing WW-
omains are involved in membrane budding, since M
rotein mutants lacking this sequence are defective in
heir membrane budding activity. It is possible that these
roteins or other host factors present in plasma mem-
ranes are responsible both for initiation of assembly of
CM complexes and for aggregation of ts M proteins.
hus the defectiveness of ts M protein mutants may
eflect interference of ts M protein with the function of
ost membrane proteins involved in virus assembly.
MATERIALS AND METHODS
iruses and cells
Working stocks of wild-type, tsM301, tsO23, and O23R1
iruses were prepared in BHK cells as described previ-
usly (Kaptur et al., 1991; Lyles et al., 1996b). Procedures
for infection of cells, radiolabeling with 35S-methionine,
isolation of cytosolic and membrane fractions, and puri-
fication of virions have been described previously (Flood
and Lyles, 1999). A high-molecular-weight fraction was
isolated from nonradiolabeled mock-infected cells by
sucrose gradient centrifugation using the method de-
scribed for isolation of intracellular nucleocapsids from
infected cells (Flood and Lyles, 1999).
Immunoblotting of M protein
Western blot analysis in a dot-blot format was used to
determine concentrations of M protein in subcellular
fractions. A 96-well filtration manifold (Schleicher &
Schuell, Keene, NH) was used to apply 400-ml samples
to a nitrocellulose membrane (Sigma, St. Louis, MO).
Cytosol and membrane-derived fractions were diluted
serially in blot buffer (25 mM Tris, 192 mM glycine, 20%
methanol) containing 0.05% SDS. Nitrocellulose mem-
branes were soaked in deionized water for 10 min and
then in blot buffer for 10 min, and then assembled into
manifold apparatus as directed by the manufacturer.
Samples were applied to nitrocellulose membrane by
applying a vacuum to the manifold, followed by a wash
with blot buffer (400 ml). The membrane was blocked in
5% nonfat dry milk prepared in TBS (100 mM Tris, 0.9%
NaCl, pH 7.5) for 30 min at room temperature (RT). Anti-
body against M protein was added (1500-fold dilution of
23H12 [Lyles et al., 1988] in 5% milk–TBS) to the mem-
brane and incubated for either 2 h at RT or overnight at
4°C. The membrane was rinsed three times with TBS
containing 0.025% Tween 20, and then washed three
times with 10-min incubations. The secondary antibody
(2000-fold dilution of anti-mouse IgG conjugated with
i
iHRP; Santa Cruz Biotechnology, Santa Cruz, CA) was
added to the membrane in 5% milk–TBS and incubated
for 2 h at RT. The membrane was washed as before and
proteins were detected by chemiluminescence accord-
ing to the manufacturer’s directions (Super Signal; Pierce
Chemical, Rockford, IL). Blots were exposed to film and
analyzed by densitometry. The concentration of M pro-
tein was calculated from the dilution required to give an
optical density equal to that of a standard of known
concentration prepared from purified virions.
Binding of intracellular M protein to virion NCM
complexes
A 35S-labeled cytosolic or membrane fraction prepared
from infected cells (approximately 50 mg/ml total protein)
as mixed with purified wild-type VSV in buffer contain-
ng 10 mM Tris, pH 8.1, and either 120 mM or 60 mM NaCl
n a final volume of 120 ml. Triton X-100 (0.5% final con-
centration) was added to solubilize the virus envelopes
and cellular membranes. Samples were incubated at RT
for $5 min, to allow for complete equilibration of M
protein in NCM complexes, and then were centrifuged
for 25 min at 28 lb/in.2 (;100,000 g) in a Beckman Airfuge
Beckman Instruments, Fullerton, CA). Supernatant and
ellet fractions were analyzed by SDS–PAGE in gels
ade with 10% acrylamide with either 0.27% bis-acryl-
mide or 0.5% bis-acrylamide to provide better resolution
f the viral N and P proteins. The amount of radiolabeled
protein was quantitated by phosphorescence imaging
Molecular Dynamics, Sunnyvale, CA). The percentage of
adiolabeled M protein in the pellet was calculated as
he amount of M protein in the pellet divided by the sum
f M protein in the supernatant and pellet fractions.
pparent dissociation constants were determined by
onlinear least squares fit of the data to Eq. (1) (Curvefit
oftware; Kevin Raner Software, Australia).
f(x) 5 b 1 [x/(x 1 a)](1 2 b)
where x 5 concentration of free M protein-binding sites;
a 5 dissociation constant; b 5 fraction of M protein not
oluble under the condition of binding assay. The com-
onent (1 2 b) normalizes the fraction of M protein
ound to NCM complexes to the fraction of M protein
hat remained soluble.
etergent phase partitioning
A stock solution of Triton X-114 saturated in appropri-
te buffer was prepared as originally described (Bordier,
981). The concentration of the Triton X-114 solution was
etermined spectrophotometrically. Radiolabeled cyto-
olic and membrane fractions were prepared from cells
nfected with VSV or transfected with plasmids contain-
ng the wild-type Orsay M gene (alpha19-OM, described
n Black et al., 1993) or G gene (pF1SG; D. S. Lyles,
s
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532 FLOOD, MCKENZIE, AND LYLESunpublished data). Cytosol and membrane fractions
(from 2 3 107 cells in 0.2 ml) were mixed with the stock
olution of Triton X-114 at a final concentration of 1%
riton X-114 in an ice-water bath until the solution was
lear. The samples were centrifuged at 14,000 g for 15
in at 4°C. The pellet (insoluble fraction) was recovered
ith 1% SDS. The supernatant was laid over a 300-ml
ucrose cushion (6% w/v sucrose, 10 mM Tris, pH 7.8,
50 mM NaCl, 0.06% Triton X-114), warmed for 3 min at
0°C, and then centrifuged at 500 g for 3 min at RT. The
queous phase (top 200 ml) was collected, mixed with
riton X-114 again, laid over the same sucrose cushion
sed in the first extraction, and warmed and centrifuged
s before. This results in a detergent phase combined
rom two extractions of the aqueous phase (;20 ml). The
aqueous phase was mixed again with Triton X-114,
placed over a new sucrose cushion, warmed, and cen-
trifuged as before. The detergent phase (from the com-
bined extractions) was collected and reextracted with
180 ml buffer, placed over a new sucrose cushion, and
processed as before; then the extraction was repeated
once more. The aqueous and detergent phases and the
insoluble fraction were collected and adjusted to 200 ml
ith buffer and analyzed by SDS–PAGE and phosphores-
ence imaging.
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